Production of the gene transfer agent of Rhodobacter capsulatus, RcGTA, is dependent upon several cellular regulatory systems, including a putative phosphorelay involving the CtrA and CckA proteins. These proteins are also involved in flagellar motility in R. capsulatus. The interactions of proteins in this system are best understood in Caulobacter crescentus where CtrA is activated by phosphorylation by the CckA-ChpT phosphorelay. CtrA~P activity is further controlled by SciP, which represses ctrA transcription and CtrA activation of transcription. We show that R. capsulatus chpT and cckA mutants both have greatly reduced motility and RcGTA activity. Unlike the ctrA mutant where RcGTA gene transcription is absent, the decrease in RcGTA activity is because of reduced release of RcGTA from the cells. The sciP mutant is not affected for RcGTA production but our results support the C. crescentus model of SciP repression of flagellar motility genes. We show that both unphosphorylated and phosphorylated CtrA can activate RcGTA gene expression, while CtrA~P seems to be required for release of the particle and expression of motility genes. This has led us to a new model of how this regulatory system controls motility and production of RcGTA in R. capsulatus.
Introduction
One of the most common modes of signal transduction in bacteria is through histidyl-aspartyl phosphorelay systems (Stock et al., 2000) . These systems can instigate changes in gene expression and behavior in response to a variety of environmental and intracellular stimuli. These phosphorelays involve histidine protein kinase and response regulator proteins and can also include additional histidine phosphotransfer proteins. One wellstudied phosphorelay controls the cell cycle in the a-proteobacterium Caulobacter crescentus. This regulatory network centers around the response regulator CtrA (Quon et al., 1996) , whose activity is controlled through the histidine kinase CckA (Jacobs et al., 2003) , a histidine phosphotransferase ChpT (Biondi et al., 2006) , as well as a helix-turn-helix transcription factor, SciP (Gora et al., 2010; Tan et al., 2010) . The role of the CckA-ChpT phosphorelay is to activate CtrA, by phosphorylation on an aspartate residue, which elicits changes in the expression of genes related to the cell cycle (Brown et al., 2009) . CtrA~P also activates transcription of sciP, followed by SciP repression of ctrA and at least 58 CtrA targets, such as flagellar and chemotaxis genes (Tan et al., 2010) . This signaling system is partially conserved in many genera of a-proteobacteria, but the exact functions and components of the system vary between species (Lang & Beatty, 2000 Barnett et al., 2001; Bellefontaine et al., 2002; Hallez et al., 2004; Miller & Belas, 2006; Brilli et al., 2010; Mercer et al., 2010; Bird & MacKrell, 2011) .
The CtrA and CckA homologs found in Rhodobacter capsulatus were shown to be involved in regulation of motility (Lang & Beatty, 2002) and production of RcGTA (Lang & Beatty, 2000) , a bacteriophage-like particle known as a gene transfer agent. It appears that the most conserved function of the CtrA and CckA proteins in disparate species is related to motility (Quon et al., 1996; Lang & Beatty, 2002; Miller & Belas, 2006; Brilli et al., 2010; Mercer et al., 2010; Bird & MacKrell, 2011) . Unlike C. crescentus, the CckA and CtrA proteins are not essential in regulation of the R. capsulatus cell cycle, but CtrA is required for the proper expression of more than 225 genes (Mercer et al., 2010) . However, it is not known whether phosphorylated or unphosphorylated CtrA is the active form of the protein in this species.
Recently, Brilli et al. (2010) analyzed 37 a-proteobacterial genomes and identified orthologs of the 14 genes involved in CtrA-dependent cell cycle regulation in C. crescentus. Their bioinformatic analyses of possible CtrA networks further strengthened some of the previous work indicating that CtrA regulation and function has a patchwork of conservation in different a-proteobacteria, and they identified a possible chpT ortholog in Rhodobacter. To further understand the CtrA network in R. capsulatus, we have analyzed the motility and RcGTA production phenotypes of strains lacking the putative CtrA regulators sciP and chpT in comparison with ctrA and cckA mutants. We also investigated the effects of CtrA phosphorylation state using a phosphomimetic protein, CtrAD51E, and a version of the protein that is unable to be phosphorylated, CtrAD51A. These CtrA mutants have been used in C. crescentus and Rhodospirillum centenum to study CtrA activities Jacobs et al., 1999; Ryan et al., 2002; Siam & Marczynski, 2003; Bird & MacKrell, 2011) . The CtrAD51E protein mimics CtrA~P in vivo (Domian et al., 1997; Siam & Marczynski, 2003) , and the CtrAD51A mutant serves as a constitutively unphosphorylated form (Ryan et al., 2002) .
Materials and methods

Bacterial strains, plasmids, and culture conditions
The experimental strains, plasmids, and PCR primers used for this study are listed in Table 1 . Rhodobacter capsulatus was grown at 35°C in anaerobic photoheterotrophic conditions in complex YPS medium (Wall et al., 1975) or aerobically in RCV medium (Beatty & Gest, 1981) supplemented with appropriate antibiotics when necessary: kanamycin (10 lg mL
À1
) and tetracycline (0.5 lg mL
). Escherichia coli was grown in LB medium at 37°C and supplemented with the appropriate antibiotics when necessary: ampicillin (100 lg mL À1 ), kanamycin (25 lg mL À1 ), and tetracycline (10 lg mL
). The ORFs encoding the predicted ChpT (rcc03000) and SciP (rcc01662) homologs were amplified by PCR from genome of R. capsulatus strain SB1003 using the primers chpT-F and chpT-R, and sciP-F and sciP-R, respectively (Table 1) . The amplified products were cloned into pGEM-T-Easy. The genes were disrupted by insertion of a~1.4-kb SmaI fragment of the kanamycin resistanceencoding KIXX cartridge (Barany, 1985) at specific restriction sites within the ORFs. The chpT ORF was disrupted at the NruI site 79 bp from the start of the 633 bp predicted ORF, and the sciP ORF was disrupted at a SmaI site 61 bp from the start of the 276 bp predicted ORF. Another genomic fragment containing sciP and adjacent ctrA was amplified using primers sciP-comF and ctrA-comR for disrupting both genes. The KIXX cartridge replaced a 644-bp SmaI/BamHI fragment, deleting the last 215 bp of sciP and the first 331 bp of the 711 bp ctrA. Plasmids containing disrupted versions of the genes were conjugated to R. capsulatus from E. coli C600 (pDPT51) (Taylor et al., 1983) . Mutant strains were generated by GTA transfer of the disrupted versions of the genes into the chromosome of SB1003 (Scolnik & Haselkorn, 1984) . PCR with the original amplification primers was used to confirm the resulting kanamycin-resistant strains contained only the disrupted genes.
Plasmid recombineering (Noll et al., 2009 ) was used for the generation of the cckA deletion construct. Primers cckA-p1 and cckA-p2 (Table 1) were used to amplify a 4351-bp region encoding cckA (rcc01749) plus~1 kb of flanking sequence on each side. Gel-purified PCR fragments were recombined into pUC19 (Vieira & Messing, 1982) , and parental plasmids were selectively linearized by SalI treatment. Primers cckA-p3 and cckA-p4 (Table 1) were designed to PCR-amplify kanamycin resistance cassette A002 (Gene Bridges, Germany) with 50-bp tails homologous to cckA bases 53-103 and 2202-2252, respectively. k-Red recombination resulted in the replacement of 91% of plasmid-encoded cckA with the kanamycin resistance marker, yielding pUCDcckA. The resulting plasmid was used to generate the cckA mutant strain as described above for the chpT, sciP and the ctrA/sciP double mutants.
Trans complementation of wild-type genes under control of their native upstream sequences was performed with the low copy number broad-host-range plasmid, pRK767 (Gill & Warren, 1988) . The complementing fragments were amplified from the genome with appropriate primers (Table 1) . Site-directed mutagenesis was performed with the QuikChange Lightning Site-Directed Mutagenesis Kit (Stratagene) to create pRK767-borne mutant ctrA genes with their native promoter region encoding a CtrA phosphomimetic protein, CtrAD51E (Domian et al., 1997) , and a CtrA protein that is unable to be phosphorylated, CtrAD51A (Ryan et al., 2002) , using primers D51E-F/D51E-R and D51A-F/D51A-R, respectively ( Table 1 ). The mutagenesis created single bp substitutions that resulted in a glutamate (D51E) or alanine (D51A) in place of the conserved aspartate (D51) phosphorylation site; the presence of the mutations was confirmed by sequencing. These plasmids and the empty pRK767 control were transferred to R. capsulatus via conjugation using E. coli S17-1 (Simon et al., 1983) .
Gene transfer bioassays
RcGTA packages random fragments of the R. capsulatus genome and transfers these to recipient cells. A gene transfer bioassay was used to measure production and release of RcGTA particles. This assay quantifies the transfer of an essential photosynthesis gene, puhA, to a DpuhA mutant strain, DW5 (Table 1) . Cultures were grown in photoheterotrophic conditions for 45 h, at which point they are~35 h into the stationary phase of growth. These cultures were filtered using 0.45-lm PVDF syringe filters and filtrates assayed for RcGTA activity by mixing 0.1 mL of filtrate with DW5 cells in a total volume of 0.6 mL GTA buffer (Solioz et al., 1975) . After 
TCAGCGAGAAGGGCTTGGGCAGGAAGACCGAATTCGGGGTCGGCGGACGGTCAGA-AGAACTCGTCAAGAAGG *Underlined nucleotides indicate sequences used for cloning, site-directed mutagenesis, or recombineering steps. incubation for 1 h, 0.9 mL of RCV broth was added and the mixtures incubated for an additional 4 h with shaking at 200 r.p.m. The samples were plated on YPS agar, incubated in anaerobic phototrophic conditions to select for transfer of the puhA marker, and colony numbers were counted after 48 h. RcGTA activity was calculated as a ratio relative to paired wild-type RcGTA activity in three replicate experiments. Statistically significant differences in RcGTA activities were identified by one-way analysis of variance (ANOVA) in R (Chambers et al., 1993) .
Western blotting
Western blots targeting the RcGTA major capsid protein (~32 kDa) were performed on the same cultures used for RcGTA activity assays. For each culture, 0.5 mL of culture was centrifuged at > 13 000 g for 1 min to pellet the cells, and 0.4 mL of the resulting supernatants was carefully collected into a separate tube. The cell pellets were resuspended in 0.5 mL of TE buffer. These samples, 5 lL of cells and 10 lL of supernatants, were mixed with 39 SDS-PAGE sample buffer, boiled for 5 min at 98°C, and run on a 10% SDS-PAGE gel. Proteins were transferred to a nitrocellulose membrane by electroblotting in transfer buffer [48 mM Tris Base, 39 mM glycine, 20% methanol (v/v)]. The presence of equivalent total protein levels within supernatant and cell sample groups was verified by staining the blotted membrane with Ponceau-S. The membranes were rinsed and blocked with a 5% (w/v) skim milk solution in TBST [20 mM Tris, 137 mM NaCl, 0.1% Tween-20 (v/v); pH 7.5] for 1 h. The membranes were rinsed with TBST and incubated overnight at 4°C with a primary antibody (1 : 1000 dilution in TBST) specific for the RcGTA major capsid protein (Agrisera, Sweden) (Fu et al., 2010) . The membranes were washed three times in TBST, for 5 min each, and incubated with peroxidase-conjugated anti-rabbit IgG (Santa Cruz Biotechnology) (1 : 5000 dilution in TBST) for 1 h at room temperature. The membranes were rinsed three times with TBST for 5 min each, and bands detected by chemiluminescence using the SuperSignal West Femto Reagent Kit (Thermo Fisher Scientific, Canada). Images were captured on an Alpha Innotech U400 camera and then inverted and adjusted for brightness and contrast with image processing software.
Motility assays
Motility assay tubes (Krieg & Gerhardt, 1981) were made with 0.35% agar YPS, and the stabs were incubated phototrophically at 35°C. Tubes were photographed after 2 days of growth and the images adjusted for brightness and contrast with image processing software. The diameters of turbid growth in the stab tubes were measured as a ratio relative to the paired wild type in three replicate experiments. Statistically significant differences in motility diameters were identified by one-way ANOVA in R (Chambers et al., 1993) .
Viable cell counts
Viable cell counts were performed on the same cultures used for each paired bioassay and western blot experiment. Serial dilutions were plated and colony-forming units (CFU) were calculated to determine the number of viable cells for each culture. Each mutant strain was compared with the wild type in three biological replicates. Statistically significant differences in viable cell numbers were identified by one-way ANOVA in R (Chambers et al., 1993) .
Results
Phenotypes of putative CtrA regulatory mutants
The R. capsulatus SB1003 regulatory gene orthologs discussed in this work are rcc01663 (ctrA), rcc01662 (sciP), rcc03000 (chpT), and rcc01749 (cckA); all four genes are predicted to be transcribed as independent mRNAs based on genomic context and transcriptome data (Mercer et al., 2010) . We compared the R. capsulatus CtrA, CckA, ChpT, and SciP sequences to the C. crescentus orthologs, and the regions of similarities and the conserved protein domains identified (Marchler-Bauer et al., 2010) are shown in Fig. 1 . We made strains with disruptions in the chpT and sciP genes to test whether these proteins were involved in the regulation of motility and RcGTA production, as found for CtrA and CckA (Lang & Beatty, 2000 . Additionally, we constructed a new cckA mutant because the original R. capsulatus mutant strains (Lang & Beatty, 2000 retained~70% of the cckA coding sequence undisrupted before the insertional mutation site (between the HA and REC domains; Fig. 1 ), possibly allowing for the expression of a partially functional protein. We also created a ctrA/sciP double mutant. Flagellar motility of the cckA, chpT, sciP, and ctrA/sciP mutants was assayed using soft agar stabs and compared with wild-type strain SB1003 and the ctrA mutant (Fig. 2) . Motility in both the chpT and cckA mutants was reduced, but not as severely as for the ctrA and ctrA/sciP strains, while sciP disruption had no observable effect. Complementation in trans of chpT and cckA restored motility. Wild-type ctrA does restore motility in the ctrA mutant, but neither ctrAD51E nor ctrAD51A were able to restore motility in the ctrA, cckA, or chpT mutants. The ctrAD51E gene was able to partially restore motility in the ctrA/sciP double mutant (Fig. 2e) . Tests for significant differences in swimming distances were performed, and all ANOVA results are available in Supporting Information, Table S1 .
RcGTA gene transfer activity was assayed for the ctrA, cckA, chpT, sciP, and ctrA/sciP mutants (Fig. 3a) . This was paired with analyses of RcGTA capsid protein levels in both cell and culture supernatant samples by western blotting (Fig. 3b-f ). As expected, the ctrA and ctrA/sciP mutants had no detectable RcGTA activity (Fig. 3a) or capsid protein expression (Fig. 3b and f) , with gene transfer activity and protein levels at least partially restored by complementation with the plasmid-based genes. Both the cckA and chpT mutants demonstrated a nearly complete loss in RcGTA activity (Fig. 3a) . These findings initially suggested that a loss in either ChpT or CckA resulted in a decrease in RcGTA expression, possibly because of the loss of phosphorelay to CtrA. However, western blot analysis of the cultures demonstrated that both cckA and chpT mutants were expressing the RcGTA capsid protein at wild-type levels, but the protein was not detected in the culture supernatants (Fig. 3b) . The extracellular levels of the major capsid protein and RcGTA activity were restored to the mutants upon complementation with the plasmid-borne genes. The gene transfer activity of the sciP mutant was lower than wild type (Fig. 3a) but this difference was not statistically different (Table S2) .
Introduction of the ctrAD51E allele restored RcGTA expression and increased activity in the ctrA and ctrA/sciP mutants > twofold relative to wild type (Fig. 3a ). An increase in activity was also observed in both the wild-type (2.4-fold) and sciP mutant (1.6-fold) strains containing ctrAD51E. CtrAD51E increased RcGTA activity and The swimming diameters were measured from three replicate assays, and statistically significant differences were identified by analysis of variance (ANOVA) and P-values for all pair-wise comparisons are reported in Table S1 . extracellular capsid protein levels slightly in the cckA and chpT mutants (Fig. 3c) . The ctrAD51A gene yielded surprising results as all strains expressing this version of CtrA showed a large increase in capsid protein levels inside the cells relative to wild type (Fig. 3d) . The wild type and sciP mutant containing CtrAD51E also demonstrated significant increases in RcGTA activity (Fig. 3a) . However, unlike the CtrAD51E protein, activities in the ctrA and ctrA/sciP mutants remained very low (Fig. 3a) , which agreed with observed low extracellular capsid levels ( Fig. 3d and f) . Introduction of the ctrAD51A allele caused an increase in RcGTA activity and extracellular capsid levels in both the cckA and chpT mutants ( Fig. 3a and d) .
Viability of mutant strains in the stationary phase of growth Viable cell counts were performed with the different strains on the same cultures used for the gene transfer bioassays and western blots. None of the strains were affected for growth rate and all reached the same approximate cell density at stationary phase as determined by The ratio of gene transfer activity for each indicated strain relative to the parental strain, SB1003. The gene transfer activity was determined as an average relative to SB1003 in three replicate bioassays and the bars represent the standard deviation. RcGTA production levels that differed significantly from the wild type (P < 0.01) were identified by ANOVA and are indicated by an asterisk (*). P-values for all pair-wise comparisons are reported in Table S2 . (b-f) Western blots for detection of the RcGTA major capsid protein in the cells and culture supernatants of indicated strains. Blots were performed on all replicate gene transfer bioassay cultures (in a) and one representative set of blots is shown.
culture turbidity (data not shown). The ctrA/sciP, chpT, and cckA mutations were found to have no significant effect on the number of colony-forming units (Fig. 4) . Unexpectedly, the ctrA mutant showed a significant increase (1.6-fold; P < 0.01) in colony-forming units relative to wild type (Fig. 4) . Conversely, the sciP mutant was found to have a significant decrease (~0.5 of wild type; P < 0.01) in colony-forming units (Fig. 4) . All ANOVA results are available in Table S3 . The introduction of the ctrAD51E and ctrAD51A genes had no effect (Fig. S1 ).
Discussion
Our experiments with R. capsulatus mutant strains lacking putative orthologs of proteins involved in a pathway controlling CtrA activity in C. crescentus show that there is a connection between these proteins and CtrA control of motility and RcGTA production (Fig. 5) . However, our results conflict with a model that phosphorylation of CtrA via CckA and ChpT activates both RcGTA and motility gene expression. The chpT and cckA mutations have negative effects on motility and production of RcGTA, both of which are also controlled by CtrA (Figs 2 and 3) (Lang & Beatty, 2000 Mercer et al., 2010) . However, while the phenotypes of the cckA and chpT mutants are similar to each other, they differ from the ctrA mutant (Figs 2 and 3) . The cckA and chpT mutants retain RcGTA gene expression, but are affected for RcGTA release. Also, both ctrAD51E and ctrAD51A, which encode proteins that mimic phosphorylated and unphosphorylated CtrA, respectively, activate expression of the RcGTA capsid gene but only ctrAD51E leads to release in a ctrA mutant. Therefore, a phosphorelay to CtrA via CckA-ChpT is not required for RcGTA gene expression but CckA, ChpT, and CtrA~P are necessary for RcGTA release. Furthermore, ctrAD51E could not fully restore gene transfer activity in the cckA and chpT mutants indicating that CckA-ChpT and CtrA~P are independently required for proper release of RcGTA. This suggests that CckA-ChpT act on an additional response regulator. SciP is a transcriptional regulator and an inhibitor of CtrA-dependent transcription in C. crescentus (Gora et al., 2010; Tan et al., 2010) . The sciP gene is co-conserved with ctrA across the a-proteobacteria (Gora et al., 2010) and its transcription is dependent upon CtrA in R. capsulatus (Mercer et al., 2010) . Inactivation of sciP did not have an observable effect on motility or RcGTA gene expression and release (Figs 2 and 3) . Nevertheless, our data indicate SciP is involved in control of motility. Neither of the site-directed mutant forms of CtrA restored motility in the ctrA mutant (Fig. 2) , and we hypothesized this was because of sciP activation by CtrAD51E and resulting over-repression of the Fig. 4 . Effects of regulatory system mutations on colony-forming unit numbers in stationary phase. The ratios of viable cells per ml relative to SB1003 are shown. Ratios were determined as an average over three biological replicates with the same cultures used for the RcGTA gene transfer activity assays and western blots. Error bars represent standard deviation, and statistically significant differences (P < 0.01) were identified by ANOVA and are indicated by an asterisk (*). All P-values are reported in Table S3 .
Rhodobacter capsulatus
Caulobacter crescentus CtrA-dependent flagellar motility genes by SciP. The difference between motility of ctrA (pD51E) and ctrA/sciP (pD51E) validates this hypothesis and implicates SciP as a negative regulator of the flagellar motility genes. The inability of ctrAD51A to affect motility in ctrA/sciP indicates it is CtrA~P that is required for transcription of the motility genes. It is also known that C. crescentus CtrAD51E does not bind DNA with the same affinity as CtrA~P in vitro and might only have partial activity relative to CtrA~P (Siam & Marczynski, 2003) . Irregularities in complementation of swarming motility in a ctrA mutant by D51A and D51E versions of CtrA have also been observed in R. centenum (Bird & MacKrell, 2011) .
Interestingly, it was found that independent ctrA and sciP mutations affected the number of viable cells in stationary phase cultures. The available data do not indicate that CtrA plays a role in cell cycle regulation in R. capsulatus, but there is a significant increase in the number of viable cells relative to wild type in the ctrA mutant (Fig. 4) . Loss of CtrA causes a ! twofold decrease in the transcription of more than 200 genes in these conditions (Mercer et al., 2010) , and this could have an impact on these viable cell numbers. In contrast, disruption of sciP resulted in a significant decrease in viable cells in the stationary phase. Neither of these mutant strains was affected for growth rate or culture turbidity. This is the first instance where loss of an R. capsulatus homolog of a member of the C. crescentus CtrA network negatively affects cell viability. The reasons for these changes in stationary phase viable cell numbers remain to be determined.
Our data support the involvement of CckA, ChpT, and SciP in a regulatory system related to CtrA function in R. capsulatus (Fig. 5) . SciP function as a negative regulator of motility is conserved between R. capsulatus and C. crescentus. Our data does not allow us to conclude there is a phosphorelay from CckA-ChpT to CtrA, but there is clear co-involvement of these proteins in the regulation of motility and RcGTA release. The reduction, but not complete loss, of motility and RcGTA gene transfer activity in the cckA and chpT strains could also reflect alternative sources for CtrA phosphorylation. RcGTA release, but not gene expression, is dependent on CtrA phosphorylation. Although it is CtrA~P that binds many regulatory sequences in C. crescentus Siam & Marczynski, 2000) , the unphosphorylated protein is also active (Spencer et al., 2009) , and other response regulators have been shown to both activate and repress a variety of genes in unphosphorylated forms, including RegA in R. capsulatus (Bird et al., 1999) . There are no predicted CtrA-binding sites upstream of either the motility or RcGTA genes (Lang & Beatty, 2000; Mercer et al., 2010) , which presumably reflects indirect control of transcription initiation of these genes by CtrA.
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